Observations of several atmospheric species can be performed by measuring the absorption of visible and near-ultraviolet light scattered from the zenith sky. The determination of vertical column abundances of molecules such as ozone and NO 2 from such measurements is briefly reviewed. It is shown that the conversion of NO to NO 2 can be of significance in the interpretation of measurements made near twilight. On the other hand, multiple scattering from the atmosphere or by clouds is likely to be a very small effect.
INTRODUCTION
Nitrogen dioxide possesses a highly structured absorption spectrum in the visible region. Assuming typical abundances at mid-latitudes, NO 2 may absorb as much as a few percent of over the absorbing path: the incoming solar radiation at large solar zenith angles in discrete bands near 400-450 nm. The total column abundance of stratospheric NO 2 can therefore be readily observed from the ground through measurements of its absorption of visible solar radiation. While such measurements can be performed by observation of the light coming directly from an extraterrestrial light source such as the sun or moon, it is also possible to observe the light scattered by the atmosphere, i.e., by collecting photons scattered from the zenith sky. As will be discussed in more detail later, observations of scattered light present several important advantages over observing direct light, including detection at zenith angles exceeding 90 ø . The first measurements of this kind were reported by Brewer et al. [1973] ; since then, the technique has been widely used to obtain a detailed picture of the distribution and variability of the total column abundance of NO 2 by Noxon [1975 
Except in the limiting case of zero degree solar zenith angles, the fundamental quantity measured in atmospheric absorption spectroscopy is the slant (not vertical) column abundance. Interpretation of absorption measurements in terms of the vertical rather than the slant column therefore requires knowledge of the altitude distribution of the absorber and the enhancement factor. As will be shown later, the absorber altitude can be crudely deduced from observations of the slant column as a function of solar zenith angle. For visible photons and at sufficiently small solar zenith angles (less than about 40ø-50ø), L: is equal to the secant of the solar zenith angle and is independent of altitude (see Figure 6 ), so that the vertical column is just the slant column divided by the secant of the solar angle. At larger angles the vertical column can only be evaluated by first considering the variation of L z with altitude and solar angle through detailed computations of the optical path and by then examining the behavior of the slant column with angle to obtain an estimate of the absorbing layer altitude [see Noxon et al., 1979] . Since the absorption due to stratospheric NO 2 near 440 nm is generally of the order of a few percent during twilight, when enhancement factors are large, relatively simple scanning spectrometers can achieve accurate measurements of NO2 absorption. Much less percent absorption occurs at smaller solar zenith angles, where the enhancement factor is much less favorable (for example, the NO 2 absorption can be as low as only about 0.2% at 70 ø solar zenith angles during highlatitude winter). However, absorption less than the 0.05% level can be accurately measured using arrayed detectors which simultaneously measure the spectrum at various wavelengths (e. 
THE BRIGHTNESS OF THE ZENITH SKY
When the zenith sky is observed, the photons detected by the instrument must, by definition, have been scattered at least once (and as will be discused below, they are likely to have been scattered once only). Let us consider the case of single scattering. The relevant geometry is depicted in Figure 1 
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so that the change in atmospheric densities with height has nonlinear effects on the scattered flux, and there will be some height z at which maximum scattered intensity occurs. At large solar zenith angles, increases in the optical path inhibit the propagation of solar radiation to low altitudes, but the radiation that does arrive there will be more strongly scattered. Thus there will be some altitude z from which most of the radiation reaching the surface is scattered, and this will depend upon the wavelength L• (which depends upon solar zenith angle) and air density profile. Proper calculation of L z is critical not only to the absorption of radiation by NO 2, but also to the evaluation of the attenuation of incoming flux. We calculate L z explicitly in this work, taking full account of spherical geometry. In the following discussion we evaluate the optical paths appropriate to each 1-km spherical shell of atmosphere, as shown in Figure 1 
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This provides a crude estimate of the effective cross section characterizing the relative magnitude of the Ring effect for our instrument. Figure 8 shows the relative spectral signature of the Ring effect determined in this manner. In the following count rate is greater, and the noise is about 0.002%. Each independent measurement should be used in the determination of absorber abundances. A convenient way to analyze all available spectral features is to treat the problem in matrix form and to perform a matrix inversion of all the absorption features as a function of wavelength. In this work the basis sets given by the spectral features measured in the laboratory over the entire wavelength range for each molecule (and for the Ring effect) were used to generate the normal equation of least squares, which was then solved using singular value decomposition, as described by Nash [1979] to obtain the slant column abundances. The matrix inversion yields the best stratistical fit to the available data spectrum, given the measured laboratory spectra of all of the molecules considered, and using all of the spectral features present from 400 to 450 nm. Note that the Ring effect (Figure 8 ) has a great deal of spectral structure. Therefore a matrix analysis of the full spectrum can readily take its effect into account as a function of wavelength, provided its spectral features are accurately known. We treat the spectral signature of the Ring effect like that of all other absorbers in this work (i.e., in a Beer's law formalism).
However, it is important to note that the Ring effect need not conform to Beer's law, since it is not an absorption process. Rather, the transfer of vibrational and rotational energy from one wavelength to another by Raman scattering fills in the Fraunhofer lines in a fashion dependent on their width and depth. This could be accurately solved as a nonlinear least squares problem. However, since the effect is small, a linearization assuming the Beer's law formalism does not lead to substantial errors and greatly decreases computational time. 
NO 2
Now let us consider absorption by a gas whose vertical profile is not known a priori, such as NO 2. The differences in optical paths as a function of solar zenith angle and height, as depicted in Figure 5 , do provide a means of gaining limited information on the height of the layer [Noxon et al., 1979] . Let us assume that the absorber layer is Gaussian in shape, with a full width at half-maximum of 7 km. Figure 11 shows how the enhancement factor appropriate to such a layer centered at various altitudes varies with solar zenith angle for radiation at 440 nm, at Gimli. For a layer located at low altitudes the effective slant column increases considerably less rapidly with increasing solar zenith angle than for one at high altitudes. This is due to the small optical paths at large solar zenith angle as the height where most of the scattering occurs moves above the altitude in question (see Figure 4) . wavelengths required for NO: photolysis are not completely optically thin at large solar zenith angles (as shown in Figure  4 ), the rate of NO: photolysis will vary with angle, and the NO/NO 2 equilibrium will change as twilight is approached. Figure 2 shows that this effect will be a strong function of altitude. As the intensity of visible radiation required to photodissociate NO2 decreases, NO will be converted to NO:, and the total number of NO: molecules present can increase substantially. Although the spectrometer will always measure the absolute number of NO: molecules in the path, this effect is critical both to an understanding of whether the measured NO: is a "daytime" or "nighttime" value and to the evaluation of the layer height, as will now be shown. As pointed out by Noxon et al. [1979] , the enhancement in NO2 due to conversion from NO near twilight is mitigated somewhat by the fact that much of the absorption seen at the ground occurs at a location near the tangent point (see Figure  1) , where by definition the zenith angle is only 90 ø, even when the zenith angle at the point of observation may be, for example, 93 ø . Figure 11 . Clearly, important information on the layer height could be obtained if observations were made at more than one wavelength through the twilight period and if the effective slant NO e column were computed in a nonlinear least squares analysis. This would also provide a much greater constraint on the layer height than observations at a single wavelength.
It is also important to consider that the NO 2 densities do
It is also important to note that the shapes of the absorption curves are quite sensitive to the neutral density profile. This is illustrated in Figure 15 , which is identical to Figure 12 except that the neutral background air density profile has been changed to that appropriate for about 80øS in the spring. 
ø . In this paper we present calculations based upon that
Finally, it has also been shown that important information model for multiple scattering to explore some of these effects. on layer height may be gained by using a range of wave- Figure 16 presents calculated percent absorption due to lengths for such observations. This can provide additional in-NO 2, as a function of solar zenith angle at a wavelength of formation on the vertical profile of atmospheric absorbers.
440 nm for layers at 10-16 and 22-28 km, with and without multiple scattering, and assuming a surface albedo of 0.5 and 0.0. The largest differences are found for the low-altitude layer, because multiple-scattering events are most likely at low levels where the air density is greatest (compare, for example, Figure  3) , and the radiation may be "trapped." Indeed, it is useful to note that the height from which the observed photons are scattered must always be lower for multiply scattered light than that for single scattering of the direct flux of solar photons (see Figure 3) . Most of the multiple scattering is therefore confined to altitudes below the altitude at which the direct solar radiation is scattered. For the layer located above 20 km in Figure 16 the influence of multiple scattering is negligible, and this may be understood in terms of the scattering height shown in Figure 3 . It is very unlikely that multiple-scattering events can occur at altitudes sufficiently high to perturb the absorption from a layer at these altitudes until the solar zenith angles become very large. As long as the abundance of the species in question is small in the troposphere (as indeed it is for ozone and NO2), then multiple scattering can have only a small effect.
The behavior shown here for multiple scattering also provides insight into the likely role of scattering by clouds or other aerosols in the troposphere. Aerosol particles can efficiently forward scatter the incoming solar photons, both scattered and direct. However, Figure 2 shows that very little solar radiation is available at typical cloud altitudes for zenith angles of the order of 90 ø or more (indeed, for zenith angles greater than about 92 ø , the cloud layer is likely to be in the earth's shadow where no direct radiation is available). The additional scattering of direct radiation by clouds is therefore not important at large angles. At small angles (less than about 85ø), on the other hand, the great bulk of radiation reaching the surface is scattered in the troposphere by molecular scattering at altitudes near cloud levels (see Figure 3) , and the optical paths through the stratosphere will not be significantly affected by additional scattering by clouds or other particles. For intermediate angles between perhaps 86 ø and 89 ø the presence of clouds can have a small effect on stratospheric optical paths, but our calculations indicate that this would be no more than 10% even if all of the radiation reaching the surface were scattered from a cloud layer at 4-km altitude.
SUMMARY
In this paper the processes influencing the measurement of atmospheric species by ground-based visible absorption techniques have been briefly described. It has been shown that the propagation and attenuation of visible radiation is a sensitive function of solar zenith angle and background atmosphere, requiring the interpretation of visible absorption data to be based upon calculations performed with a neutral atmosphere appropriate to the observing point. In agreement with previous work we find that the effect of multiple scattering is generally small for stratospheric layers.
It has been shown that conversion of NO to NO 2 near twilight is likely to have important effects on the absorption due to NO 2 in the visible region. Neglect of this effect will result in an overestimate of the layer height.
